The present study was designed to detect DNA repair response through the homologous recombination pathway in mouse spermatogonial stem cells. Mouse spermatogonial stem cells (mSSCs) were obtained from the adult DBA/2 mouse testes by MACS sorting. mSSCs and mice animals were divided into four groups (30 min, 2, 24 h, control) and treated with ionizing irradiation while the control group received pseudo-irradiation. Proteins involved in the homologous recombination pathway (cH2AX, ATM, RAD51, CtIP, and RPA2) were assessed in mSSCs both in vitro and in vivo. Moreover, the non-homologous end-joining or homologous recombination (NHEJ/HR) reporter plasmids were transfected into mSSCs to assess NHEJ/HR pathway activity after DNA double-strand break (DSB). cH2AX, a classical DNA DSB marker, was absent in mSSCs both in vivo and in vitro after DSB repair, but was highly expressed in other tissue stem cells. In addition, ATM and phosphorylated ATM (p-ATM) were involved in DNA damage response (DDR) in mSSCs. p-ATM foci were overexpressed immediately after irradiation (30 min and 2 h), but gradually decreased over the repair time. The HR pathway-related proteins, CtIP and RPA2 were negatively regulated after treatment in Western blot (WB). NHEJ/HR reporter plasmid transfection indicated that the HR pathway played a minor role in mSSCs during DDR, consistent with the WB findings. This study demonstrates that mSSCs may have a unique response to DNA damage since crucial proteins involved in HR pathway were negatively regulated after DSB. In addition, the expression level of p-ATM, but not cH2AX, was increased after DSB, suggesting that DNA damage repair in mSSCs might be a cH2AX-independent response. Furthermore, the HR pathway may play a minor role during DDR in mSSCs.
INTRODUCTION
DNA damage widely occurs in male germ cells, indicating that genome instability reflected by DNA damage exists in mammalian male germline cells. This pathological status may directly result in decreased reproductive function, increased occurrence of abortion, and a high incidence of reproductive genetic diseases in offspring individuals (Bailly & Gartner, 2013) . Mechanistically, the genome instability of germ cells and DNA damage significantly affect the generation, development, and fertilization of male gametes. Therefore, DNA damage and genome fragmentation are among the main reasons for male infertility and reproductive health problems (Gunes et al., 2015; Zidi-Jrah et al., 2016) .
Spermatogonial stem cells (SSCs) are the only germline stem cells in the reproductive system of adult male mammals. Promyelocytic leukemia zinc finger protein (PLZF) is a marker for mSSCs and plays an important role in stemness maintenance (Lovelace et al., 2016) . Previous findings demonstrated that double-strand breaks (DSBs) could occur in SSCs and may provoke a repair response to DSB in mSSCs as other adult stem cells (Rube et al., 2011) . However, compared with other adult stem cells, the mechanism of DNA repair in SSCs remains largely unknown. In terms of DDR after DSB, SSCs may have histological specificity, the mechanism of DDR after DSB for SSCs may differ from other adult stem cells. Previous study assessed proteins related to DSB repair in mSSCs in a mice model of DNA damage-related gene mutations, and suggested that mSSCs may have histological specificity to DSB repair (Rube et al., 2011) . However, so far, few reports are available on the DSB repair response pathway in mSSCs cultured in vitro. In this study, we focused on the homologous recombination (HR) repair pathway in mSSCs after DSB both in vivo and in vitro, unveiling the DNA damage response (DDR) mechanism of mSSCs and providing novel insights into DNA damage repair in germ stem cells after the clinical intervention.
MATERIALS AND METHODS

Adult mSSCs isolation and culture
The mSSCs we used were obtained from 1-month DBA/2 mice. The method for mSSCs culture in vitro was referred to Shinohara (Kanatsu-Shinohara et al., 2003) and Guan (Guan et al., 2009) . Briefly, after mice were sacrificed, the testis was removed and the tunica was peeled off to mince seminiferous tubules. Testis cells were digested with 1 mg/mL collagenase IV (Sigma, C5138, St. Louis, MO, USA) for 10 min prior to 0.25% trypsin/1 mM EDTA digestion (Gibco, 25200072) for 5 min. After digestion, 100-nm strainer was used for filtration, then THY-1 (CD90) antibody MACS (Miltenyi Biotech Inc, Bergisch Gladbach, Germany) beads were used to separate germ cells. THY-1 (+) sperm cells were resuspended using spermatogonial stem cell culture solution and cultured in 0.1% gelatin-coated plate overnight. Then, the floating cells were transferred onto MEF feeder and further passaged. After 2-3 passages, some colonies formed by mSSCs can be seen in MEFs ( Figure S1 ). Spermatogonial stem cell culture solution: StemPro-34 (Life Technologies, Carlsbad, CA, USA, 10639-011), StemPro-34 supplement 20 lL/mL (Life Technologies, 10639-011), insulin 25 lg/mL (Sigma, 13536), transferrin 100 lg/mL (Sigma, T1147), pyruvic acid 100 lg/mL (Sigma, P5280), putrescine 60 lM (Sigma, P5780), sodium selenite 30 nM (Sigma, S5261), D-(+)-glucose 6 mg/mL (Sigma, 49139), lactic acid 1 lL/mL (Sigma, L4263), L-glutamine 2 mM (Life Technologies, 25030-081), 2-mercaptoethanol 5 9 10-5 (Merck Millipore, Darmstadt, Germany, ES-007-E), minimal essential medium (MEM) vitamin solution 19 (Life technologies, 11120-052), MEM non-essential amino acid solution 19 (Life Technologies, 11120-052), 10-4 M ascorbic acid (Sigma, A4403), d-Biotin 10 lg/mL (Sigma, 14400), b-estradiol 30 ng/mL (Sigma, E2758), progesterone 60 ng/mL (Sigma, P5096), human basic fibroblast growth factor 10 ng/mL (Life Technologies, 13256-029), murine leukemia inhibitory factor 103 U/mL (Merck Millipore, Temecula, CA, USA, ESG1107), recombinant human glial cell line-derived neurotrophic factor (GDNF) 10 ng/mL (Life Technologies, PHC7041), and 1% fetal calf serum (Life Technologies, 10099-141) .
Using ionizing irradiation to treat mice testes and mSSCs to generate DNA double-strand breaks in vivo and in vitro
The mouse mSSCs cultured in vitro were irradiated with 0.5 Gy X-ray (RX-650, faxitron) under the irradiation condition of 1 Gy/min for 30 sec. After irradiation, the cells were transferred back to the incubator and mSSCs were collected according to the DNA damage repair time. After 1 Gy ionizing radiation treatment, DBA/2 mice were sacrificed according to the same DNA repair time to harvest testes. All the cells and testes were divided into four groups according to repair time (30 min, 2, 24 h, control), and the cells and animals in control group only received pseudo-irradiation.
Mouse testes immunofluorescence staining
Testes were obtained after irradiation and fixed overnight in 4% paraformaldehyde. After dehydration in 20-30% sucrose solution, testes were embedded with OCT embedding fluid and cut into 10-lm sections. Tissue slides were blocked overnight by 2% BSA-0.1% Triton X-100 and incubated overnight at 4°C with primary antibodies (Anti-gamma-H2AX, Millipore 05-636, 1 : 500, Anti-ATM, Abcam, Ab780, 1 : 400, and Anti-ATM, phospho-S1981, Abcam, ab81292, 1 : 400). Then, tissue slides were incubated overnight at 4°C with secondary antibodies (rabbit anti-mouse IgG (H+L) Superclonal TM Secondary Antibody, Alexa Fluor 555, Invitrogen, A27028 and goat anti-rabbit IgG (H+L) highly cross-adsorbed secondary antibody, Alexa Fluor 488, Invitrogen, A-11034). After that, tissue slides were washed with PBS containing 0.05% Tween 20 and mounted with anti-fade solution.
mSSCs cell slides preparation and immunofluorescence staining After digested with trypsin (0.05%), the mSSCs cultured in vitro were transferred into 0.2% gelatin-coated dish for 2 h to remove MEFs. Then, the suspended mSSCs were collected and divided into four groups (30 min, 2, 24 h, control) and inoculated into 24-well plates, which contained laminin-coated coverslips. Except the control group, mSSCs in other groups received 0.5 Gy ionizing radiation. After irradiation, mSSCs-attached coverslips were collected according to the repair time and were fixed with 0.1% paraformaldehyde, respectively. Cell slides were blocked overnight with donkey serum with 0.1% Triton solution prior to incubation overnight at 4°C with following primary antibodies: Anti-cH2AX, Millipore 05-636, 1 : 400, Anti-ATM, Abcam, (Cambridge, MA, USA) Ab78, 1 : 400, Anti-ATM (phospho S1981) Abcam, ab81292, 1 : 200, Anti-PLZF, Santa Cruz, SC-22839, 1 : 200. After washing, cell slides were incubated overnight at 4°C with secondary antibodies as follows: rabbit antimouse IgG (H+L) Superclonal TM Secondary Antibody, Alexa Fluor 555 (Invitrogen, Carlsbad, CA, USA, A27028), goat anti-rabbit IgG (H+L) highly cross-adsorbed secondary antibody, Alexa Fluor 488 (Invitrogen, Carlsbad, CA, USA, A-11034). Then, the slides were washed with PBS containing 0.05% Tween 20 and mounted with anti-fade solution.
Western blotting mSSCs were collected 30 min, 2, and 24 h after ionizing irradiation, and unirradiated SSCs were also collected as negative controls. Cells were lysed using RIPA cell lysate with 1 mM PMSF after washing two times in cold PBS. After that, cells were centrifuged at 13,000 g for 30 min at 4°C, then the supernatant was transferred to a new EP tube. Protein concentration was determined using the BCA Quantitation Kit (Beyotime Biotechnology, Shanghai, China). Protein samples together with SDS-PAGE sample loading buffer were heated at 95°C water for 10 min. Then protein samples were separated on 10-12% SDS-PAGE gels and electrotransferred to 0.45-lm PDF membrane (Millipore). Then, antibodies were used to detect corresponding proteins. Antibodies information: Anti-cH2AX, Millipore 05-636, anti-ATM, Abcam, Ab78, anti-ATM phospho S1981, Abcam, ab81292, anti-RAD51, ab88572, anti-phospho RAD51, ab61111, anti-CtIP, ab70163, anti-RPA2 ab2175, anti-GAPDH, ab8245).
Flow cytometric analysis of HR/NHEJ pathway choice in mSSCs
DNA DSB reporter plasmids (Mao et al., 2007) were generously provided by Dr. Zhiyong Mao (Tongji University, Institute of Life Science) ( Figure S2 ). Cells were transfected with 0.6 lg of NHEJ reporter construct or 1 lg of HR reporter construct, and 0.2 lg of pDsRed-N1 as an internal control. Before electrotransfection, NHEJ/HR reporter plasmids were linearized by I-Scel enzyme, then electrotransfected into mSSC by Lonza 4D-Nucleofector electrotransporter via ES program. After culturing for 72 h in vitro, flow cytometry (BD Biosciences San Jose, CA, USA) was used for analysis. The experiments were repeated for three times. FLOWJO (Ashland, OR, USA) 7.6.1 software was used for data analysis.
Confocal laser scanning microscope analysis
LSM750 confocal microscope (Zeiss, Stockholm, Sweden) was used to observe and photograph cells. Pictures were processed by ZEN2009 light (Zeiss).
Statistical analysis
p-ATM, cH2AX foci randomly selected from different microscopic fields of each mouse testes in each group were calculated and analyzed by one-way ANOVA (a = 0.05). t-test was used to analyze the results of repair efficiency (GFP/dsRed) in NHEJ/HR reporter system. p ≤ 0.05 indicated a significant difference. Statistical analyses of the data were performed with SPSS software version 19 for Windows (SPSS Inc., Chicago, IL, USA).
RESULTS
The classical DSB marker cH2AX is involved in germline cells after DSB, but not in mSSCs cH2AX foci was expressed in germline cells in seminiferous tubules after testes were exposed to ionizing irradiation, but not in the germline cells of the control group that were not exposed to ionizing irradiation (Fig. 1) . cH2AX foci were highly Figure 1 Study on the expression of cH2AX in seminiferous tubules after DSB. Using ionizing irradiation to generate double-strand DNA break in mice testes. Spermatogonial stem cells were stained by PLZF in the basement of seminiferous tubules, and the high intensity of cH2AX signal in nucleus represented that cells were in meiosis stage. cH2AX foci could be detected in germline cells after DSB (30 min, 2, 24 h), and the expression of cH2AX foci decreased with the repair time. However, no cH2AX foci were observed in PLZF (+) spermatogonial stem cell (scale bar 20 lm).
490 Andrology, 2018, 6, 488-497 upregulated in germline cells both at 30 min and 2 h after irradiation, and gradually decreased over the repair time at 24 h after irradiation (Fig. 2) . Surprisingly, cH2AX foci were not observed in PLZF-positive mSSCs (Fig. 1) . Similarly, mSSCs cultivated in vitro also did not express cH2AX foci after irradiation (Fig. 3) , which was consistent with the immunofluorescent staining result in vivo.
According to in vitro and in vivo immunostaining results, cH2AX which was expressed in germline cells was not detected in mSSCs both in vivo and in vitro after treatment with ionizing radiation. To demonstrate that cH2AX is not involved in mSSCs during DDR procedure, we tested the expression in mSSCs via Western blotting (WB). Positive control for cH2AX was included in WB experiments, using the protein extracts from MEF cells at the 30 min time point after treatment with same ionizing irradiation. The results showed that H2AX protein was expressed in all groups of mSSCs and positive control, but its phosphorylation form, cH2AX (S139), was not observed in mSSCs while highly expressed in positive control (Fig. 4) . It demonstrated that DDR in mSSCs was a cH2AX-independent process.
To assess the histological specificity of the DDR mechanism that was cH2AX-independent in mSSCs, WB was also used to Figure 2 In vivo study of the expression of cH2AX foci in germline cells after DSB. The average number of foci signals expressed in germline cells was statistically analyzed. The expressions of cH2AX foci were relatively higher in 30-min and 2-h groups while compared with 24-h and control groups after DNA double-strand breaks (there was no statistical significance between 30-min and 2-h group, p > 0.05, ns: no statistical significance). The foci signal decreased dramatically in 24-h group, suggesting that most DNA damage was repaired (*p < 0.05 while compared with control group). 
in mSSCs and MEFs. However, cH2AX signal was highly expressed in positive control group while it was not observed in mSSCs.
evaluate the cH2AX expression levels in adipose-derived-and neural stem cells after ionizing irradiation. The results showed increased cH2AX expression levels in both types of stem cells after IR-related DNA damage, suggesting that cH2AX participated in the DDR process in both stem cell types (Fig. 5) . According to the WB result above, we further tested the cH2AX expression conditions in adipose-derived and neural stem cells via immunofluorescence staining. It was found that cH2AX foci were expressed in both of two kinds of stem cells after irradiation ( Figures S3 and S4) . Therefore, the results indicate that the cH2AX-independent DDR is a unique procedure in mSSCs compared with other tissue stem cells.
ATM participates in DDR of mSSCs
Immunofluorescence staining and WB were used to assess the levels of the ATM (ataxia telangiectasia mutated) protein and its phosphorylated form (p-ATM, s1981) in mSSCs. in vitro and in vivo staining results illustrated that ATM was expressed in the 4 groups in PLZF(+) mSSCs, and the increase in ATM expression level was most significant in the acute stage of DSB at 30 min and 2 h after IR (Figs 6 and 7) . It was found that ATM protein was upregulated expressed after DSB at 30 min, 2, and 24 h after IR compared with control group (Figs 8 and 9) . Moreover, phosphorylated ATM (p-ATM S1891), the active form of ATM, was also assessed in vivo and in vitro. p-ATM foci were observed in mSSCs cluster after exposure with irradiation ( Figs 10 and 11) . The foci were upregulated in the 30-min and 2-h group and still persisted in the 24-h group while no foci were detected in control group. Foci expression decreased gradually according to repair time points. Similar to the ATM expression level, p-ATM foci were highly expressed in acute time points after DSB (30 min and 2 h) both in vivo and in vitro (Figs 12 and 13 ). To further investigate the dynamics of p-ATM expression in mSSCs, WB was used to assess the expression of ATM and p-ATM. The results showed that ATM was expressed in mSSCs before and after irradiation, its expression was upregulated at 30 min, 2 h, and 24 h after irradiation compared with the control. Furthermore, p-ATM was also upregulated in 30-min and 2-h groups, consistent with the immunofluorescence staining both in vitro and in vivo (Fig. 14) .
Crucial HR pathway proteins were not expressed in mSSCs after DSB According to the above results, WB was used to assess the expression levels of proteins (RAD51, p-RAD51, CtIP, and RPA2) in the HR repair pathway. A positive control group was also included (MEFs cells treated with the same ionizing radiation dose and extracted the protein at 30 min after irradiation). WB result indicated that p-RAD51, CtIP, and RPA2, which are involved in the HR pathway, were not expressed in mSSCs. Although RAD51 was expressed in mSSCs, p-RAD51 (phospho T309, the activated form of RAD51) was not detected. In contrast, p-RAD51, CtIP, and RPA2 were expressed in the positive control group, suggesting that HR pathway-related proteins were present in the positive control group, but not in mSSCs (Fig. 15) . These findings indicated that HR pathway response might not play a major role in DDR procedure in mSSCs.
HR repair pathway plays a minor role in cultivated mSSCs in DDR
To further prove the above results, NHEJ/HR reporter system plasmids were electrotransfected into mSSCs to monitor the activity of DDR via NHEJ or HR (Mao et al., 2007) . The design of the NHEJ/HR reporter plasmid is based on the principle that GFP expression is turned on upon successful HR/NHEJ repair. NHEJ/HR, together with dsRed plasmids, was electrotrans- Figure 7 Detection of ATM expression in mSSCs after DSB in vitro. Immunofluorescence staining was used to detect ATM protein expression in spermatogonial stem cells clusters attached on laminin-coated coverslips. ATM was expressed in four groups and obviously observed in 30-min and 2-h groups after DSB (scale bar 20 lm).
Figure 8
In vivo study of the expression of ATM expression in mSSCs after DSB. The average expression rates of ATM in PLZF (+) cells were statistically analyzed. The expressions of ATM in mSSCs were relatively higher in 30-min and 2-h groups while compared with the control group after DSB occurred (there was no statistical significance between 24-h group and control group, ns: no statistical significance, *p < 0.05 while compared with control group).
infected into mSSCs. After 72-h cultivation in vitro, flow cytometry was used to analyze mSSCs with green fluorescence, which indicated a successful NHEJ/HR repair. The repair efficiencies defined as the ratio of GFP over dsRed were calculated. The results demonstrated that most successful reactions of HR/NHEJ repair in mSSCs were in NHEJ response since minimum percentage of HR-GFP (+) cells was observed (Fig. 16a) . The repair efficiencies differences showed statistical significance (Fig. 16b) .
DISCUSSION
The biological outcomes of repair response generated by DSB in adult stem cells have the following aspects: (i) DSB accumulation in cells affects the self-renewal mechanism of adult stem cells, decreasing the pool size of stem cells (Wang et al., 2012) ; (ii) during DSB response, activation of the P53 and P21 pathways could promote apoptosis of stem cells and cell cycle arrest, whose direct effect is senescence (Chitikova et al., 2014) ; (iii) in DSB repair, the NHEJ repair pathway may generate mutations, induces abnormal proliferation of cells, and promotes tumor occurrence (Aparicio et al., 2014) .
SSCs are the only germline stem cells in the reproductive system of adult male mammals, and PLZF is an important marker protein of mSSCs. It was reported that the repair response of adult stem cells to DSB may have tissue-specific characteristics (Blanpain et al., 2011) . Like adult stem cells of other tissues, DDR after DSB occurs in SSCs, but the underlying mechanism remains unclear.
In this study, ionizing radiation was used to establish a DNA damage model in mSSCs. It is known that low-dose IR could lead to DNA double-strand breaks in germline cells and other somatic cells (Li et al., 2004; Guo et al., 2010; Grewenig et al., 2015) . Based on the latter findings, we used appropriate irradiation dose to treat mSSCs and animals in order to create DSB in animal and cells models.
cH2AX is the phosphorylated form of histone H2AX (Sone et al., 2014) . Previous studies demonstrated that cH2AX is widely expressed in eukaryotes after DNA damage, plays signaling and functional roles during DDR and is considered an important index for the degree of DNA damage (Lord & Ashworth, 2012; Lee et al., 2017) . In addition, cH2AX mainly promotes DNA damage response via the HR pathway (Scully & Xie, 2013) . After ionizing radiation and DSB, H2AX in the cell nucleus is phosphorylated into cH2AX (Hamer et al., 2003) . However, in the present study, H2AX was expressed in mSSCs as detected by WB, but no cH2AX signal foci were found in PLZF (+) spermatogonial stem cells by immunofluorescent staining both in in vitro Figure 9 In vitro study of ATM expression in spermatogonial stem cells before and after DSB. The ATM (+) mSSCs were statistically analyzed. The proportions of ATM (+) cells were relatively higher in groups treated with ionizing irradiation (30 min, 2, and 34 h) while compared with the control group (*p < 0.05 while compared with control group). 494 Andrology, 2018, 6, 488-497 and in vivo. Furthermore, WB results also showed that cH2AX was not expressed. These findings suggested that DDR in mSSCs was a cH2AX-independent process. In our study, we used human adipose-derived and mouse neural stem cells in comparison with mSSCs. Comparison with stem cells from other tissues indicated that SSCs had unique DDR characteristics with tissue specificity, though such mechanism that cH2AX is involved in other kinds of stem cells has already been proven before (Dong Figure 11 Immunofluorescence analysis of phospho-ATM foci expression in mSSCs before and after DSB. mSSC clusters were collected at different repair time points after ionizing irradiation and immunofluorescence was used to detect the p-ATM foci in PLZF (+) cells. It was observed that the p-ATM foci was expressed in mSSC nucleus after DSB. Foci signals were highly expressed in acute time points after DSB (30-min and 2-h groups), which are still persistent in 24-h group. However, no foci signal was detected in mSSCs in control group. ( et al., 2014; Betous et al., 2017) . Comparison with stem cells from other tissues indicated that SSCs had unique DDR characteristics with tissue specificity. To our knowledge, this study first demonstrated that DNA damage response in SSCs was a cH2AX-independent process both in vitro and in vivo.
ATM, an important DDR protein, plays a crucial role in HR pathways. During DDR, phosphorylation of the amino acid residue at position 1981 of ATM is induced (Cremona & Behrens, 2014; Guleria & Chandna, 2016) . After DSB, ATM is recruited to the site of DNA damage and activated via phosphorylation, converting H2AX into cH2AX (Nickoloff, 2017) . ATM itself can recruit additional HR pathway DNA damage repair proteins, such as MRE, NBS1, and RAD51, to form the MRN complex, which promotes the HR pathway repair process (Lavin et al., 2015; Zhou et al., 2017) . In the present study, we demonstrated that ATM was upregulated after DSB, using both immunofluorescence and WB approaches. This study also showed that ATM was activated to form p-ATM in mSSCs after irradiation, whose foci were observed in the cell nucleus, but gradually decreased over repair time. This indicated that ATM is involved in DDR of mSSCs. However, according to WB results (crucial HR proteins were negatively expressed in mSSCs) and reporter plasmid experiments (repair efficiency in NHEJ pathway), although ATM was involved in the DDR of mSSCs, it may mainly participate in the NHEJ pathway in mSSCs after DSB.
Next, we detected the changes of important HR proteins (RAD51, phosphorylated RAD51, CtIP, and RPA2) in the HR pathway in mSSCs after DSB. Compared with the positive control group, these important HR pathway proteins were not expressed before or after DSB in mSSCs. Although RAD51 was expressed in mSSCs, its phosphorylated form was absent after DSB, which suggested the HR repair pathway was not the main response pathway of DDR in mSSCs after DNA damage in vitro.
To further confirm the above conclusions, the HR/NHEJ reporter plasmids were used to verify the repair pathway selection of mSSCs after DSB. In this study, to avoid the variation of the electrotransfection efficiency of the NHEJ/HR plasmids, the dsRed plasmid was used as internal control and transfected together with NHEJ/HR plasmid into mSSCs. In flow cytometry, the mSSCs population was analyzed and repair efficiencies (GFP/ dsRed) were calculated. Interestingly, the repair efficiency of NHEJ was dramatically higher than that of HR, suggesting that NHEJ repair pathway was more prevalent in mSSCs in vitro, rather than HR repair pathway. It also demonstrated that HR pathway did not constitute the main repair pathway in mSSCs in vitro. These results were consistent with the immunostaining and WB data shown above.
In summary, DDR in SSCs has a unique tissue histological specificity. Unlike other adult stem cells, DDR in SSCs is a cH2AX-independent process. The expression levels of important proteins involved in the HR pathway indicated that NHEJ is the main repair pathway during DDR in mSSCs, rather than the HR pathway. These findings suggest that phosphorylated ATM upon activation may mainly participate in NHEJ-associated repair in mSSCs. However, the selection of DSB repair pathway within SSCs requires further exploration. By assessing HR/NHEJ mechanism in mSSCs, a unique DNA damage repair mechanism in SSC was revealed, providing a theoretical guidance for using spermatogonial stem cells as fertility preservation in the clinical settings. These findings have a tremendous significance in maintaining the stability of reproduction and heredity in the aspect of germline stem cells. Figure 15 Detection of crucial protein involved in HR pathway in mSSCs before and after DSB via Western blot. MEFs, treated with same ionizing irradiation and harvested on 30 min after irradiation, served as positive control. Although RAD51 protein was observed in all groups, the phospho-RAD51 (p-RAD51) is negatively expressed. Besides, other proteins, RPA2 and CtIP, were also negatively expressed in mSSCs; however, these HR pathway proteins were expressed in positive control group. Figure 16 (a, b) Analysis of the repair of NHEJ/HR pathways in mSSCs via flow cytometry. The NHEJ/HR and dsRed plasmids were electrotransinfected into cultured mSSCs. The mSSCs may express green fluorescence when the NHEJ/HR response reaction successfully occurs in nucleus. dsRed plasmid served as internal control, and cells may express red fluorescence when transinfected into mSSCs. The HR-GFP, NHEJ-GFP, and dsRed-RFP cells were analyzed by flow cytometry (a). The repair efficiency (GFP/dsRed) of NHEJ group is higher than HR group with statistical significance (p < 0.05) (b).
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SUPPORTING INFORMATION
Additional Supporting Information may be found in the online version of this article: Figure S1 . Mice spermatogonial stem cells cultured in vitro. Figure S2 . Reporter plasmids for detection of HR and NHEJ. Figure S3 . Detection of cH2AX expression in adipose-derived stem cells after DSB in vitro. Figure S4 . Detection of cH2AX expression in neural stem cells after DSB in vitro.
